A STUDY of the circulation in the labyrinth, to be complete, must include an investigation of the fluid circulation. The fluid system in the labyrinth is much more complex than that of the cerebrospinal axis. In the latter, the cerebrospinal fluid, produced by the choroid plexuses, circulates by known anatomical pathways and its main function is the protection of the brain. In the labyrinth, however, there are two separate fluids about whose circulation there remains some doubt, but whose purpose is much more important than mere protection of the inner ear. The endolymph, for example, is essential for the normal metabolic transfers between the blood and the structures on the basilar membrane, for the latter are not provided with blood vessels. The purpose of this paper is to deal, first, with the blood circulation mainly in the spiral ligament of the cochlea, then to consider the fluid systems, and, finally, to try to indicate how departures from the normal physiological states may contribute to pathological findings.
at the venous end of the capillaries. This important physiological fact, and a number of others to which they drew attention, explained many of the problems of circulation which were previously inadequately understood. In spite of this, however, these conceptions were not universally accepted and as recently as 1953, in a publication on the sympathetic control of human blood vessels, Barcroft and Swann state that if the presence of these preferential channels, as the metarterioles were called, can be confirmed "our understanding of the circulation in muscle would be considerably extended". It is surprising that confirmatory reports have been so few, for with little apparatus and extreme simplicity of technique, it is possible to confirm this point in the mesentery, as used by the original workers, and in mucous membrane, muscle and in the cochlea, as has been done in the present investigation. The anatomy of the cochlear vessels, especially those of the stria vascularis, has been described in many papers since Huschke gave his lucid account in 1824. More recently, Smith (1951) , in her excellent paper, added further details of the anatomy and particularly of the structure of cochlear vessels. She described_the radiating arteriole, arching in front of the scala vestibuli and giving rise to four groups of vessels in the spiral ligament of the guinea pig. The first group is distributed circumferentially in the ligament in front of the attachment of Reissner's membrane; the second group is distributed to the stria vascularis; the third group to the prominensia spiralis; and the fourth arches superficially in the ligament straight to the venous end of the capillary bed.
From observations on living vessels, it is clear that the last group are metarterioles and not "true" capillaries. The other three groups are the true capillaries and they can be seen to arise almost entirely from the metarterioles, though a few, especially those coursing in front of the attachment of Reissner's membrane, take origin from the terminal arteriole.
The behaviour of the cochlear vessels in response to vasoactive drugs and yasornotor control, has received very little attention. Mygind (1946) and his co-workers described their response to adrenaline and histamine as '^paradoxical", stating that, contrary to what is the case in other regions, these vessels dilate with adrenaline and constrict with histamine. This view would appear to receive some support from the observations of Krejci and Bornschein (1951) who found that cervical sympathetic stimulation, though producing vasoconstriction of the vessels of the middle ear, had no effect on those of the inner ear. Both these observations are, however, open to criticism.
Mygind administered the substance under investigation in one dose at the beginning of the experiment, and then intravitally fixed the animals. This method can be of little value, since in the first stage of intravital fixation the blood is replaced by the perfusing Ringer's solution, thus completely removing the drug, whose action is under investigation. In addition, all the red cells and hence the oxygen-carrying capacity of the blood is lost. The tissues are, therefore, subjected to a rapidly falling oxygen tension, which in itself results in extreme vasodilatation. When, therefore, the tissues are fixed by the Wittmaack's solution in the second stage of the procedure, the vessels are inevitably to some extent under this dilator influence.
In the fixation experiments of our series, the drug was added in known concentrations to the perfusing fluids. Although still not avoiding the influence of anoxaemia, this does permit the drug to act until the moment of fixation if the procedure is performed rapidly. Under these circumstances, it was possible to demonstrate that the behaviour of the cochlear vessels is not paradoxical.
There have been many experimental observations demonstrating the vasoactivity of the cerebral vessels, one of the more recent of which are those of Baillart (1952) . This author noted the vasoconstriction of retinal and cerebral vessels on sympathetic stimulation, especially if both trunks were stimulated. Moreover, extreme vascular spasm has often been seen in the exposed cortex at operation and in recent years angiography has produced further convincing evidence of this fact. Nevertheless, it is still frequently stated that intracranial vessels do not react strongly to vasoconstrictor stimuli. Intracranial vessels are capable of constriction though it is not disputed that in the physiological state this is not of the same order as in skin vessels. In addition, it is a well-known physiological fact that vessels in protected sites, such as these, are much less responsive than in exposed regions. But this would not explain the absence of response of the cochlear vessels on sympathetic stimulation in Krejci and Bornschein's experiments. In the experience of Chambers et alia, and in my own, absence of response of vessels in an exposed capillary field almost certainly indicates that conditions are no longer physiological although there may be no visible signs of damage.
Nevertheless, if great care is exercised in exposing the field, activity of the vessels can easily be demonstrated.
Experimental Observations
The observations on which this part of the paper is based have been made from exposure of the spiral ligament in living animals. The results obtained bear such close similarity to the findings in capillary fields of easier access, that it may be assumed that no significant damage was done and that the vessels were behaving in a truly physiological manner. As in the other capillary fields, variations in flow are due to phasic changes in tone of the metarteriole and precapillary sphincters. Adrenaline and nor-adrenaline in concentrations of 1/10,000 cause constriction of the arterioles, metarterioles and precapillary sphincters. The arteriole and metarteriole are observed to narrow but the closure of the precapillary sphincter is demonstrated by the cessation of flow along the capillary. If the sphincter opens again fairly soon, flow along the capillary is resumed. Should the sphincter remain closed for a prolonged period, the blood may be withdrawn from the capillary by the suction effect of the flow in the metarteriole past its venous end. As this occurs, the capillary does not collapse but is filled by colourless tissue fluid flowing into the lumen as the blood flows out. The appearance of the capillary field at this stage should be interpreted as a widespread "constriction" of the capillaries, as has been done in the past, but observation of the vessel walls shows that this is not the case. The capillaries do not contract but the size of their lumina varies a little depending on the state of affairs in the metarterioles and precapillary sphincters. Thus when the constrictor effect of the adrenaline wears off there follows a widespread dilatation consisting of widening of the metarterioles, opening of the precapillary sphincters and complete filling of the capillaries. After a few minutes of this "hyperaemia" the vessels return to their resting state.
The autonomic control of the cochlear vessels is too big a subject for inclusion in this paper and it is proposed to publish experimental findings at a later date. However, prolonged sympathetic stimulation produced marked concavity of Reissner's membrane in seven of a group of nineteen animals. This is found only on the side of stimulation and it is suggested that the dipping is due to a decreased secretion of endolymph secondary to a decreased blood supply. This supposition receives additional support 694 Histamine produces dilatation of the arteriole and metarteriole but unless the drug is present in such concentration that it actually damages the vessel walls, the activity of the precapillary sphincters continues normally. The dilatation of the arteriole and metarteriole, however, results in a rise of pressure which not only serves to fill out the capillary bed but results in an increase in output of tissue fluid. If, however, there is a widespread dilatation all over the body following the effect of Jarge doses of drug, a fall of the general blood pressure occurs. Now one or both of two circumstances may occur, both of which result in a diminished blood supply to the ear. Firstly, the pressure may fall so low in the arterioles that circulation through the capillary bed is virtually brought to a standstill, or, secondly, that all non-essential peripheral fields, the ear included, are constricted in order to maintain the general blood pressure. This is an important point therapeutically for it will be seen that a drug producing widespread dilatation may in fact actually diminish the blood supply to a particular area. On the other hand, sympathetic block would produce local vasodilatation in the ear without altering the general blood pressure.
A number of dilator drugs have been investigated and nicotinic acid was the most efficient. ^Priscol, though it is claimed to produce vasodilatation in the conjunctiva of rabbits, had little effect on the cochlear vessels.
The rate of flow differs in the various vessels. It is greatest in the metarterioles, increasing in speed with vasoconstriction and slowing with vasodilatation. It slows in the capillaries of the spiral ligament but is slowest in those of the stria vascularis. The capillaries of the stria form a continuous independent network from apex to base of the cochlea, connected to the vessels in the spiral ligament only by an occasional capillary from the metarteriole and contributing an occasional draining capillary to the venules. The reduction in speed in the capillaries is effected in two ways. Firstly, by the state of the precapillary sphincter and, secondly, by the angle at which the capillary arises from the metarteriole which tends to shield it from the flow of blood in that vessel. The speed in the strial network is even further reduced by the damming effect of specialized draining vessels in the basal whorl and occasionally in the second whorl. These capillaries, unlike those elsewhere, have a thick, differentiated wall of connective tissue throughout their whole length. 5.
(A) LOW power micropliotograph to show capillary (cy) with differentiated wall draining the strial network into thin-walled collecting venule (c.v.).
(B) High power view of Fig. 5 (A) .
The lumen, however, is small compared with that of the collecting vessels into which they drain and this tends to hamper the escape of blood from the strial network. I have been unable to find any previous description of these vessels in the literature, although they occur fairly frequently in the basal whorls. This slow stream in the stria gives time for the maximum oxygen and metabolic exchange to occur between the blood and endolymph, a condition essential for the well-being of the organ of Corti, since this structure is not provided with vessels of its own. On the other hand, because the strial network is continuous from apex to base, with few vascular contributions between these two points, it follows that ^xygen tension will tend to fall from apex to base and that blood-borne toxins will tend to concentrate at the base, as in the quinine experiments of Covell (1936) . I believe that it is this fact which predisposes the basal whorl to damage in vascular or toxic affections rather than the usual suggestion offered which implicates the separate vessel supplying part of the basal whorl.
Endolymph
The next thing to be considered is the production and absorption of endolymph and the function of the saccus endolymphaticus. Boettcher (1864) believed that the saccus endolymphaticus secreted endolymph and this view was accepted until Guild (1927) described experiments from which he drew the conclusion that endolymph was absorbed by the saccus. Other workers have investigated this problem and support this theory though with some reservations.
My own studies of the histology of the saccus endolymphaticus in human and animal specimens convinces me that the function of the saccus is to secrete endolymph. The experimental results of Andersen (1948) and Altmann and Waltner (1950) , though interpreted in accordance with the absorptive function of the saccus, could equally well indicate that the saccus secretes endolymph. Indeed, the latter authors conclude their paper with the statement that "Resorption of the endolymph from a certain part of the endolymphatic sac, although not visible in our specimens, seems however an established fact and apparently indicates the presence of slow fluid current towards the sac". They were, however, well aware that presence of granules in the sub-epithelial tissues of the sac could equally well be explained by diffusion of the salt. Tracing the path of foreign materials, especially particulate ones, artificially introduced into various spaces, seems to me to be of little value in determining either secretory or absorptive activities.
Histology of the Saccus Endolymphaticus
The saccus is divisible into three distinct areas, the pars proximalis, pars intermedia and pars distalis. There have been even further sub-697 divisions described but the above is adequate for present purposes. The part nearest the ductus is lined by a low cubical epithelium. The pars intermedia has a much more highly organized wall, rugose in appearance and the epithelium is many cells thick. The distal portion of the saccus is lined again by a low smooth epithelium. This differentiation can be appreciated from mid-term of foetal life but at this stage the saccus is full of clear endolymph and a primitive type of secretory papilla is present.
- ( p ) -(cy) FIG. 6. Section through mid-term foetal saccus endolymphaticus showing the primitive type of papilla (p) in association with a capillary (cy) and protruding into the lumen of the saccus (s).
These papillae are usually associated with a blood vessel and histologically somewhat resemble the tegmentum vasculosum of birds and reptiles. This latter structure is the homologue of the stria vascularis of mammals. In the jpost-natal saccus, however, a more complex picture exists. There are at least three and probably Jour methods by which contributions are made to the endolymph, these contributions combine together to form the final product. Two of these methods occur in the rugose, highly organized wall of the intermediate part of the sac (where the endolymph is usually thick use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0022215100050131 and strains well) and one method occurs at either end. In the rugosa area two types of papilla occur and secrete by different methods. One type has a vascular core and is covered by stratified epithelium many cells thick.
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FIG.
Microphotograph showing vascular type of papilla producing thick secretion in the lumen of the saccus endolymphaticus.
On the summit of the. papilla the cellular activity is very marked. As the cells are traced from the basal layers of the epithelium towards the surface the nuclei become progressively more pyknotic, and the cytoplasm and cell walls less and less densely stained. On the surface layer the cell walls rupture and the contents are liberated into the lumen where the nuclei and cytoplasm fragment and break up. The other type of papilla has a connective tissue core into which cells from the perisaccular tissue migrate. Cells in the covering epithelium undergo changes beginning with pyknosis of the nuclei as before, but several droplets of fluid appear in the cytoplasm. These grow larger, distending the cell which becomes ballooned and finally separates from the papilla either singly or in clumps to float off The third method occurs in the epithelium at either end of the rugose portion. It consists of the jprotrusion of part of the cell as a clear globule, not unlike the appearance seen in the thyroid during active secretion. This globule is then liberated from the cell and coalesces with others forming a clear zone around the periphery of the thicker secretion. This clear zone appears to dissolve the thick, dark-staining endolymph, and it is suggested that this component is rich in lysins which break down the nucleoproteins and cytoplasm into small constituents. The distal portion of the sac is surrounded by a rich network of vessels and the lumen is usually full of clear endolymph. This may be a "watery" secretion of low electrolyte content required to dilute the other types of secretion which, being formed of cellular material, would have a high electrolyte content.
It may be suggested, in criticism of this view, that the histological appearances seen in the saccus are really degenerative ones such as are seen on the surface of any epithelium. But degenerative changes are widely scattered on the whole surface, while in the saccus these changes occur only in one part of that structure and only on specialized portions, the papillae. Furthermore, the high concentration of potassium in the endolymph, it is 20-30 times that of a nitrate such as the perilymph, is a strong indication that it is a secretion formed largely of cytoplasm from living cells. The saccus is not, of course, the only source of endolymph, the fluid being secreted by the stria vascularis, the maculae of the sacculus and utriculus, and from the cristae of the semicircular canals. It is, however, noteworthy that the normal secretion from the stria is always a clear fluid, and the mechanism of its production would appear to be different from that occurring in the saccus. Moreover, the stria must be well developed and vascularized for the endolymph to be present in normal quantity in the scala media and for the organ of Corti to appear normal. Also it would seem that the production, circulation and adsorption of endolymph is largely if not totally confined to each compartment of the endolymph system. The latter may be considered as consisting of two portions, the scala media and the sacculus as one, and the .saccus, utriculus and semicircular canals as the other. Since absorption takes place in the external spiral sulcus and in regions near the maculae and cristae, a flow from one compartment to the other becomes less likely.
A number of conditions and experimental observations lend support to these views. A diagrammatic representation of the normal endolymph system is shown in Fig. 14 In this the stria is shown, well developed and vascularized. The scala media and all the endolymph spaces are full of endolymph.
The utriculo-endolymphatic valve is closed. This valve allows fluid to pass into the utriculus and since it has no organized structure capable of opening it actively must_pjevent fluid flowing out. The evidence in support of this is considerable. Perlman and Lindsay (1936) and Bast (1934) report cases in which the sacculus is ruptured and collapsed but the utriculus and semicircular canals remain full. Similarly, experimental withdrawal of fluid from the scala media in guinea-pigs causes collapse of this and the sacculus but not the utriculus. cannot be expressed from the utriculus to the sacculus by pressure on the former.
J n congenital deafness, seen in white cats, the stria does not develop normally and therefore endolymph does not form in the cochlea or sacculus but the utriculus, semicircular canals and saccus are always full of endolymph. This must indicate that some endolymph is secreted in the saccus, for it is clear from the above suggestions that it cannot have flowed from the utriculus past the valve nor from the sacculus and scala media which are collapsed and empty. Lindsay (1952) , however, destroyed the saccus and found that no change occurred in the rest of the endolymphatic system. This suggests that one or both of two things may occur: firstly, that endolymph is produced within the utriculus and semicircular canals in sufficient quantity to maintain them in a normally full state or, secondly, that endolymph can flow into the utriculus from the sacculus. This latter state of affairs would naturally require the ductus utriculo-saccularis to be patent. However, Paludetti (1949) and others doubt that there is continuity of the endolymphatic system in all cases and examination of pathological and congenitally abnormal specimens supports these doubts in such cases. In addition, I have examined sections of one normal human ear in which no lumen existed in the tissue between the sacculus and ductus endolymphaticus. When the stria vascularis fails to develop and become vascularized there is no fluid in the scala media or sacculus, both of which are collapsed and the cells on the basilar membrane bear no resemblance to the organ of Corti. In these animals, however, the saccus endolymphaticus, utriculus and semicircular canals are all normal. However, in a number of cases, although there is still no vascularization of the stria, it is fairly well 706
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Downloaded from https://www.cambridge.org/core. IP address: 54.191.40.80, on 14 Jul 2017 at 12:57:46, subject to the Cambridge Core terms of differentiated and so also is the macula sacculi. Hypertropic masses are present in the stria and on the walls of the sacculus and it is of interest to note that there are also small quantities of endolymph present in the scala media and sacculus and that the structures on the basilar membrane are beginning to be recognizable as pillar cells, etc. Examination of these hypertrophic masses shows them to resemble histologically the foetal type of papilla. Their presence in human deaf mutes has been reported by Fraser (1922) and Gray (1924) and small amounts of endolymph were seen in these cases also, hence it is suggested that this _atavistic method of secretion has remained because normal development and vascularization of the stria vascularis have not occurred. In all these cases the saccus endolymphaticus is normal and the utriculus full; so that if there were a communication between the saccus and sacculus, the latter might also be expected to fill. The classical picture of Meniere's disease, first reported by Hallpike and Cairns (1938) demonstrates dilatation of the scala media and sacculus but not of the utriculus or semi-circular canals, again strong suggestive evidence that continuity throughout the endolymph system does not always exist. The third condition, seen in an old dog, shows a normal sacculus, scala media, organ of Corti, etc., but an_atrophic, nonsecretory saccus and collapsed utriculus and semicircular canals on both 707 sides. Though Lindsay has shown that the saccus is not usually essential for the normal fluid exchanges in the labyrinth of animals, it may have a supporting secretory role necessary in old age, when the capacity to compensate is much reduced. Hence I believe that endolymph production and adsorption tends to be very largely localized in the respective endolymph spaces and that the function of the saccus endolymphaticus which secretes endolymph is to ensure complete filling of the phylogenetically older utriculus and semicircular canals. FIG. 18. Section in which an atrophic non-secretory saccus endolymphaticus is associated with a collapsed utriculus and semicircular canals although the stria vascularis is normal and the scala media and sacculus are both full of endolymph.
Perilymph To the present theories of production and circulation of perilymph, I have nothing new to add. There is considerable evidence that it is formed largely from the blood as an ultrafiltrate, from the cerebrospinal fluid and from endolymph. Its absorption is said to be into the veins, presumably by a similar process to the absorption of tissue fluid, although nowhere is the perilymph in such intimate relationship to the venous capillaries as is tissue fluid. 708
Conclusions
In the light of these observations, some of which are at variance with present concepts, I would like to conclude with some new suggestions concerning the mechanism of production of a number of otological disturbances.
A vascular factor as a major contributory cause of jjerceptive deafness has been described by your President (Simpson, 1949) . In an analysis of 100 cases, he found 71 to have an underlying vascular aetiology. He pointed out the proximity of neighbouring anatomical structures to the internal auditory artery and its narrowness in relation to the parent trunk (Wolff, 1952 , from measurements of the vessel, states the diameter of the lumen may be as little as \ mm.). These facts clearly predispose the vessel to all the vascular hazards. Its distribution to the stria is precarious developmentally, as shown in both the Rubella studies of Lindsay and co-workers (1953) , and in my material. In addition, the mode of circulation within the stria can prove disastrous to the sensory elements of the basal whorl as has been pointed out.
It has been suggested by Passe and Seymour (1948) that in many instances Meniere's disease may well have an underlying vascular cause, though this is far from generally accepted. Unless such an explanation is accepted, it is impossible to reconcile a number of experimental and physiological facts with the conditions supposed to be present in Meniere's disease. The raised intralabyrinthine pressure must be a late phenomenon. Raising the intralabyrinthine pressure experimentally hardly alters the hearing but lowering the pressure reduces the hearing by 30-40 d.b. as Hughson and Crowe (1933) showed by their beautifully controlled experiments. Raised intracranial pressure of some standing must raise the intralabyrinthine pressure but hearing losses are rarely noted in these cases. I feel then, that in the attacks in Meniere's disease, the intralabyrinthine pressure may be reduced initially. Arnvig (1947) has reported "concavity" of Reissner's membrane in early cases of this disease. This could be effected by a reduction of blood supply, which reduces the secretion and alters the composition of the endolymph and causes an accumulation of metabolites. The hydrops then follows in the later stages.
It has been suggested that there is a retention of water in the body in Meniere's disease, due to abnormal sodium metabolism, but in chronic nephritis or any low proteinaemia, where the whole body is grossly cedematous, symptoms referable to the labyrinth suggesting raised pressure are rarely, if ever, found. Where the water in M6niere's disease is retained has never been clearly specified, but it would be important to know, particularly since the treatment of the "waterlogging" is to prevent salt intake, an extremely efficient method, incidentally, of increasing the quantity of intercellular and intracellular fluid. It may not be appreciated 709 This states that the minute-volume flow in a capillary tube of given length varies as the fourth power of the diameter, but applies to streamlined flow, the figure would be even greater with a turbulent stream! Also, if the cell-to-plasma ratio of blood in a large vessel is considered as 1, in a capillary it is only -68 (Gibson, 1946) . Hence, when capillaries are shut off, although blood flows through the metarterioles, as has been shown in the cochlea, the effect is to lower enormously the oxygen supply to the tissues. Thus the "spasm" may play little part in the production of circulatory disorders. A tissue which meets wide physiological requirements, such as muscle, has a large number of capillary units, most of which are closed during resting phases, but which open during activity. However, in the cochlea the number of capillary units is small since the tissues do not have to meet a wide physiological variation, hence there is comparatively little reserve to meet lowered blood supply, conditions of reduced oxygen tension, etc.
The vascular failure in presbyacusis has been described by Saxen, who differentiates the types and the sites of the lesion. One group is due to failure of blood supply to the stria vascularis and the other to the ganglion cells. I have already referred to congenital deafness and indeed evolved a number of steps of these observations from the vascular failure common to it.
From these many and somewhat diverse observations, it seems reasonable to suggest that further consideration of the vascular factor may contribute to a better understanding of some otological problems. However, this is by no means an easy task for, as has been indicated, closure of the capillary beds alone can make "spasm" of a main vessel a relatively unimportant cause of ischemia, and moreover in the labyrinth grave disorders of circulation can readily occur by virtue of the relatively small size of the internal auditory artery, quite apart from disturbances in its distribution.
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